ComA is a response regulator protein of Bacillus subtilis which is required for the transcription of several genes which are involved in late-growth expression and in responses to environmental stress. Among these genes are degQ, gsiA, and srfA. The last is an operon needed for the development of genetic competence, surfactin production, and normal sporulation. We show here that partially purified ComA protein, isolated from an overproducing Escherichia coli strain, is phosphorylated in vitro by incubation with acetyl phosphate and that ComA could bind specifically to a DNA fragment containing the promoter of srfA and associated sequences. The binding affinity is enhanced when ComA is phosphorylated. DNase I protection analysis identified two protected sites located upstream from the srA promoter. The presence of DNase I-hypersensitive bonds induced by ComA binding which are located between the protected sequences is consistent with a model for ComA action involving the bending of DNA.
The development of genetic competence in Bacillus subtilis is controlled by several regulatory gene products which act as components of a signal transduction cascade (2) . comP, comA, comQ, and spoOK are thought to encode proteins that are able to sense carbon and nitrogen levels in the medium (9, 25) as well as population density (4, 16) . The predicted amino acid sequence of ComP shows similarity to the histidine kinase class of signal transduction proteins of prokaryotes in its carboxy-terminal domain and possesses a predicted amino-terminal membrane-spanning domain (25) . The ComA amino-terminal sequence shows similarity to those of the response regulator proteins and contains several amino acid residues which are invariant in these proteins (20, 24) . In particular, it has a conserved aspartate residue (D55) which is a likely site for phosphorylation (24) . Genetic evidence suggests that ComP and ComA are partners in a signaling pathway (23, 25) which may involve the transfer of a phosphoryl moiety from ComP to ComA. In addition, the carboxy-terminal third of the predicted ComA sequence contains a possible helix-turn-helix DNA binding motif which resembles the DNA binding sequences of a family of transcriptionally active proteins, suggesting for ComA the role of transcriptional activator (2, 24) . This family includes several response regulator proteins (e.g., DegU, FixJ, and NarL) and other activators that are not in the response regulator category (e.g., MalT, GerE, LuxR, and SigB). comP and comA are both necessary for the expression of srfA, an operon required for production of the peptide antibiotic surfactin as well as for efficient sporulation and the development of competence (6, 12, 22) . Both ComA and ComP are also needed for the regulated expression of degQ (9) and gsiA (10) . These genes encode products which are expressed in response to nutrient starvation but are not required for competence.
Bypass experiments with Pspac-driven srfA expression indicate that the main roles in competence for comP, comA, spoOK, and comQ are to activate the transcription of srfA ( (13) . Similar sequences are also present upstream from the promoter regions of degQ (9) and gsiA (10), both of which require comP and comA for their expression. It was suggested by Msadek et (15) .
In this study, we demonstrate that phospho-ComA binds directly to the promoter region of srfA in vitro and that this protein binds to sites on the DNA corresponding to the previously identified ComA boxes.
MATERIALS AND METHODS
Plasmids and strains. A fragment of DNA containing the comA coding sequence and ribosomal binding site was obtained by polymerase chain reaction (PCR) with PftI DNA polymerase (Stratagene). The PCR product was digested at the XbaI and BamHI sites, which had been included in the primers, and cloned between the XbaI and BamHI sites of the T7 expression vector pET3b (21) . The resulting plasmid (pET-comA) was moved into the Escherichia coli host BL21 DE3 pLysS (21) to create the strain ED111.
Overexpression of ComA. ED111 cells were grown in Luria-Bertani broth containing 5 ,ug of chloramphenicol per ml and 100 ,ug of ampicillin per ml. The uninduced level of transcription of comA from this plasmid, which was found in independent experiments to be harmful to E. coli (data not shown), was repressed in the BL21 DE3 pLysS host (21 (13) as well as the promoter itself was used as a probe. As shown in Fig. 4 and as summarized ComA recognizes specific sites upstream from the srfA promoter and that these sites correspond to those predicted from the comparison of sequences of ComA-regulated genes, as well as from genetic studies (10, 13, 15 It is also noticeable that the presence of ComA-PO4 causes partial protection from DNase I attack and hypersensitivity to DNase I at certain positions; these are indicated in Fig. 5 and in most cases can also be recognized in the photograph in Fig. 4 . A likely explanation for this hypersensitivity is distortion of the DNA helix due to binding of ComA-P04, resulting in the increased accessibility to DNase I attack of bonds exposed in the minor groove. The protection noted above at positions -76 to -79 on the bottom strand may also be related to this putative distortion.
DISCUSSION
Sequence analysis has identified two palindromic segments located upstream of the srfA promoter which resemble each other and which also show similarity to sequences located upstream of the gsiA and degQ promoters (9, 10, 13) . Mutational analysis has confirmed the importance of these two so-called ComA boxes in the transcriptional regulation of srfA (13, 15) , and ComA box mutations also prevent induction of gsiA (11) . The present study was undertaken to test the hypothesis that phosphorylated ComA binds directly to the ComA boxes upstream of the srfA promoter, presumably to turn on transcription.
Both gel retardation and DNase I footprinting experiments confirm that this binding occurs in a sequence-specific manner. The binding affinity of ComA-PO4 to the srfA promoter fragment is higher than that of unphosphorylated ComA. It Nevertheless, it appears that the unphosphorylated ComA exhibited limited protection of the box 1 region but little or no evident protection of box 2 (Fig. 4) . Phosphorylated ComA may also bind with higher affinity to box 1 than to box 2. This agrees with the genetic analysis (15) (1) . The DNase I-hypersensitive and partially protected sites evident in Fig. 4 and summarized in Fig. 5 Nakano and Zuber (15) have shown that the insertion of 5 bp between boxes 1 and 2 results in a decrease in srfA promoter activity, whereas the insertion of 10 bp results in a twofold enhancement of activity. This experiment is consistent with a looping model and illustrates the importance of the proper relative presentation of the ComA boxes.
Unexpected protected sequences on both strands overlapping the -35 promoter region of srfA were noted (Fig. 4  and 5 ). This protected region bears some resemblance to a half-ComA box. We do not know whether this resemblance, and hence the protection, is fortuitous or reflects an in vivo regulatory interaction. The position of this binding site is within the range of overlap observed for proximal sites involved in repression as well as for sites involved in activation (1) . Alternatively, high levels of ComA-PO4 may exert a negative effect on srfA transcription. In this connection, note that ComA closely resembles the response regulator DegU throughout its length, including within the presumed carboxy-terminal DNA binding domain. Hyperphosphorylated DegU exerts a negative effect on the development of competence (8, 19) , acting to reduce the transcription of srfA (5) . It is possible that a high concentration of DegU-P04 permits binding to srfA, resulting in repression.
It appears that ComA can indeed bind to the expected sequences upstream from the srfA promoter, that this binding is enhanced by the phosphorylation of ComA, and that it probably proceeds by cooperative interactions with boxes 1 and 2, concomitant with DNA bending. These conclusions establish an important link in the circuitry of competence induction. However, it has not yet been determined whether ComA binding is sufficient to activate the transcription of srfA, and further work will be required in order to address this point.
